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Plant internal phosphorus use efficiencya b s t r a c t
Background: The use of microbes that improve plant phosphorus (P) use efficiency is an avenue to boost
crop yields while alleviating environmental impacts. We tested three microbial inoculants (Rhizoglomus
irregulare alone – designated AMF; Pseudomonas putida alone – designated PSB; and R. irregulare and
P. putida in consortium – designated AMF+PSB), combined with chemical fertilizers, in an intensive maize
agricultural system.
Results: As hypothesized: (i) despite the native soil microbial community and the application of P fertil-
izer, the microbial inoculants enhanced plant P uptake from the soil by 14–60%, and consequently
improved P acquisition efficiency; (ii) PSB and AMF+PSB plants produced ±50% more biomass per unit
of P taken up, and consequently enhanced plant internal P use efficiency (i.e. the biomass produced
per unit of P); and (iii) the combined inoculation of AMF and PSB provided the best results in terms of
productivity and P use efficiency. Further, the microbial inoculants altered P allocation within the plant,
reducing grain P concentration.
Conclusion: By testing the microbial inoculants under field conditions, our study clearly shows that the
microbial consortium (AMF+PSB) increased maize productivity, and at the same time improved P use effi-
ciency. Further, the use of these microbial inoculants was shown to be compatible with conventional
agricultural management practices.
 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Phosphorus (P) is an essential macronutrient for all life forms,
which greatly limits eco- and agrosystems’ productivity. To meet
the needs of a growing human population and their changing con-
sumption patterns, agricultural production was drastically intensi-
fied and so was the use of P fertilizers (Childers et al., 2011). Rock
phosphate (a high-quality P source used in conventional agricul-
ture) is a non-renewable finite resource whose reserves are quickly
being overexploited, and therefore prices are expected to increase
dramatically in the near future (Cordell and White, 2011;Reijnders, 2014; Dias et al., 2015). Despite this foreseen limitation
to the use of P fertilizers, their application keeps rising (Shepherd
et al., 2016) as food demand is forecasted to double by 2050. Fur-
ther, 60–90% of the P applied to soils as fertilizer is rapidly immo-
bilized, making it unavailable to plants (Richardson and Simpson,
2011; Estrada et al., 2013; Melo et al., 2016). Consequently, P accu-
mulates in agricultural soils and some contain more P than recom-
mended (e.g. European soils), but to ensure high productivity P
fertilizers continue to be applied. This excess use of P fertilizers
causes severe negative environmental impacts (Reijnders, 2014;
Childers et al., 2011), namely eutrophication of water bodies
(Hua et al., 2016). This global P paradox creates an urgent need
for cleaner agronomic practices capable of boosting crop yields
while improving P use efficiency.
Improving P use efficiency in agriculture can be achieved by
increasing plant production maintaining a given rate of P fertilizer
or by producing the same with lower P-inputs (Rose et al., 2013;
Richardson et al., 2009). The improvement of P use efficiency could
be accomplished by improving plant internal P use efficiency
(IPUE) and/or increasing P uptake from the soil (P-acquisition effi-
ciency; PAE) (Rose and Wissuwa, 2012; Veneklaas et al., 2012;
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desirable in both high- and low-input agricultural systems (Rose
and Wissuwa, 2012; Heuer et al., 2017). Since plant IPUE has sev-
eral definitions (e.g., grain yield per unit of P fertilizer applied;
plant biomass per P present in specific tissues), it is not clear
how to improve it (Rose and Wissuwa, 2012). By contrast, strate-
gies to improve plant PAE include molecular plant breeding, engi-
neering transgenic plants and inoculating beneficial microbes such
as plant growth-promoting rhizobacteria (PGPR) and mycorrhizae
(Ramaekers et al., 2010). So far, plant breeding and genetic engi-
neering have not guaranteed higher PAE, and their impact on soil
conservation, quality and biodiversity have not been thoroughly
explored (Rose et al., 2013). By contrast, inoculating beneficial
microbes, combined with technologically advanced agricultural
practices, is becoming an important avenue to improve PAE, and
consequently P use efficiency.
Beneficial microbes (e.g. in the form of biofertilizers) can con-
trol nutrient bioavailability in the soil by establishing more com-
plex interactions with the soil structure, and are more efficient at
lower nutrient levels than at higher (Warton et al., 2015; Weltin
et al., 2018; Dias et al., 2015). Indeed, microbes play a key role in
the P cycle and among the wide diversity of soil microbes, arbuscu-
lar mycorrhizal fungi (AMF) and phosphate solubilizing bacteria
(PSB) are directly involved in P turnover and plant P acquisition
(Zhang et al., 2014). Further, plants naturally interact with both
AMF and PSB (Owen et al., 2015). Many studies point out the ben-
eficial effects of AMF (Smith and Read, 2008) and/or PSB inocula-
tion (Zhang et al., 2014, 2016; Melo et al., 2018; Ordoñez et al.,
2016) for plant growth, P uptake and as a biological tool for eco-
restoration (Wahid et al., 2016). However, most of these beneficial
effects were observed in microcosm experiments or in sterile soil
(Rodriguez and Sanders, 2015). These controlled experiments did
not take into account how the native soil microbial community
shapes AMF’s and PSB’s impact on host plant performance. There-
fore, AMF and/or PSB inoculation has to be tested under field con-
ditions and ‘normal’ management practices for a given crop.
Our objective was to test, under field conditions, the effect of
three microbial inoculants (with potential to become biofertilizers:
AMF alone, PSB alone and AMF+PSB) on improving P use efficiency
in an intensive agricultural system. We focused on a cereal crop,
maize (Zea mays L.) which provides 15% of the world’s protein
and 20% of the world’s calories (Nuss and Tanumihardjo, 2010),
and is very P demanding (e.g. fertilizer doses commonly range from
10 to 250 kg ha1 in Europe) (de Varennes, 2003). Further, as in
other cereals, 60–85% of the P acquired by maize plants is allocated
to seeds (i.e., grains) in the form of phytate, which is essential for
seed germination and seedling vigour (Yamaji et al., 2017; Rose
et al., 2013). However, phytate cannot be digested by humans or
other monogastric animals, so that all P in the form of phytate
results in large quantities of P in animal excrements, greatly con-
tributing to eutrophication (Neset and Cordell, 2012; Cordell and
White, 2011). It also decreases other nutrients’ absorption because
phytic acid binds with ions, such as zinc, calcium, iron and magne-
sium (Hurrell et al., 2003) resulting in very insoluble salts with
poor bioavailability. Reducing P grain concentration can improve
grain quality by increasing its nutritional value and digestibility,
and reduce the environmental impacts associated with P losses
through excreta (Veneklaas et al., 2012). Therefore, in solving the
P paradox, seeds P concentration should be reduced without com-
promising plant growth or vigour (Rose et al., 2013; Yamaji et al.,
2017).
As both AMF (Smith and Read, 2008) and PSB (Melo et al., 2018;
Ordoñez et al., 2016; Zhang et al., 2014, 2016) enhance P bioavail-
ability to plants, we hypothesized that despite the native soil
microbial community and the application of P fertilizer, the micro-
bial inoculants would enhance plant P uptake from the soil and,233consequently improve PAE. Besides the well-known improvement
in P bioavailability, AMF and PSB can alter plant growth and nutri-
tion (Melo et al., 2018) so that we hypothesized that inoculated
plants would produce more biomass per unit of P taken up, and
consequently enhance plant IPUE, considered as the ratio between
biomass and its P content (Veneklaas et al., 2012; Rose et al., 2011;
Rose and Wissuwa, 2012; van de Wiel et al., 2016). As a result of
enhanced plant IPUE, biomass P concentration tends to decrease,
including that of the grain (e.g. reduced phytate concentration).
Finally, as AMF produce extensive extraradical hyphae in the soil,
which are a habitat for other microbes, and cooperation between
AMF and PSB has been shown in vitro (Zhang et al., 2016, 2018)
we hypothesized that the combined inoculation of AMF and PSB
would provide the best results in terms of productivity and P use
efficiency.2. Material and methods
2.1. Experimental design
Our experiment consisted of 1 factor: microbial inoculation. The
design was a complete randomized block design of 3 blocks, each
containing 4 parcels, one for each treatment: control, AMF inocula-
tion (designated AMF), PSB inoculation (designated PSB) and com-
bined inoculation of AMF and PSB (designated AMF+PSB). Each
parcel had an area of 2.25 m2 and each block had a total area of
27 m2 (3  9 m). To remove boundary effects, plants within in
an area of 5.4 m2 in both the east and west side of the experimental
area were considered plant guard rows and were not sampled.
The AMF inoculum consisted of propagules and spores of Rhi-
zoglomus irregulare, which was purchased from Symbiom
(https://www.symbiom.cz/en). AMF propagules and spores were
isolated and counted to correspond to 2.5x106 AMF spores ha1,
in agreement with the recommendations for commercial products
trials (Cozzolino et al., 2013). At the time of sowing (T0), AMF
inoculum was spread manually on the soil along the planting fur-
rows corresponding to AMF and AMF+PSB treatments.
The PSB inoculum consisted of Pseudomonas putida (and the
respective culture medium) which had been isolated from a Por-
tuguese agricultural soil and belongs to the Soilvitae (https://soil-
vitae.com) PGPR collection. These bacteria were characterized as
PSB due to its capacity to solubilize tri-calcium phosphate and phy-
tate in vitro. PSB was inoculated over the area corresponding to PSB
and AMF+PSB treatments within the ideal dose range reported by
Bashan (1986): 1.5  107 CFUs plant1, which corresponds to 108
CFUs parcel1 and 1012 CFUs ha1. The culture broth containing
the bacteria was diluted to achieve the desired concentration
(1012 CFUs ha1) and was applied manually together with the
seeds along the planting furrows. A second inoculation of PSB
(1012 CFUs ha1) was performed 15 days after sowing (Rakiami
et al., 2019; Cipriano et al., 2016).
AMF+PSB was a combination of the two microbial inoculants
using the same doses. Control parcels were not inoculated.2.2. Field site and farming practices
This experiment was conducted in a farm, located in Lourinhã,
Lisboa, Portugal (39 160 32.30’ N 9 170 27.40’ W), from early June
to late September 2016 (110 days). Daily mean air temperature
was 24 C ranging between 16 and 32 C, relative humidity ranged
between 53 and 68%, according to Instituto Português do Mar e da
Atmosfera (IPMA). These values represent the average obtained
from site equidistant meteorological stations.
The soil had a coarse sand texture, 0.8% of organic matter, pH
(H2O) 6.3 and extractable P (Egnér-Riehm method) of 442 ppm
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tugal, 2016).
The experimental field is characterized by a regime of intensive
agriculture, with rotation: cabbages, potatoes and occasionally
maize. Field is fertilized with background fertilizer and top-
dressing fertilizer. All cultures are irrigated through a dispersion
system.
Zea mays L., cultivar Sincere (Syngenta) can be used for forage
and grain production. Seeds were hand sowed on the 4th of June
2016. Plants were grown 0.75 m apart between rows and with
0.20 m spacing along the row, the equivalent of ~67 000 plants
ha1 (da Silva, 2013). Before sowing, a basal fertilization of 16 kg
NO3, 48 kg NHO4+, 96 kg P2O5 and 96 kg K2O ha1 was applied. This
was followed by a top-dressing fertilization, 6 weeks after sowing,
of 60 kg NHO4+, 180 kg NH2CONH2, 96 kg P2O5 and 120 kg K2O ha1
(according to the recommendations of ADP Fertilizantes).
2.3. Sampling and analysis
The experiment was completed when plants reached physio-
logical maturity and grains were on the milk to dough phenolog-
ical phase. At harvest (22th September), plants were manually
cut with loppers. Harvest was limited to a central sampling area
of 1.35 m2 per parcel of 16.2 m2, with all border plants being
excluded as border plants tend to be more vigorous and more pro-
ductive than those that grow inside the experimental units, due to
the smaller effect of competition between plants and different
light exposure.
Maize aboveground tissues were classified as plant shoot. The
number of tillers per plant was recorded and shoots were sepa-
rated in culm (leaves included) and ear maize (cobs and grain)
and then weighted. Fresh weight (Fw) of plants from each parcel
was measure in the field with a field weighing scale (Kern CXB). A
sub-sample of 3 plants per parcel (randomly chosen) were dried
to constant mass at 65 C and the dry weight (Dw) of shoots
(shoot biomass), culm and cobs (stover biomass), and grain (grain
biomass) were recorded (precision ±0.01 g, model PGW 3502e
digital balance). Dried grain and three leaves from each plant
were ground using a mill of spheres (Retsch MM 2000). Ground
samples were used to determine grain and leaf P concentration,
using an Optical Emission Spectroscopy after acid digestion
(Huang and Schulte 1985) (analysis performed by Centro de Eda-
fología y Biología Aplicada del Segura – CEBAS-CSIC – Murcia,
Spain 2016).
To characterize the soil, samples were collected from bare soil
(composite sample, n = 5) until a maximum depth of 15 cm. Sam-
ples were air-dried and then analysed for chemical and physical
properties: extracted P (Egnér-Riehm method), organic matter
quantification and pH (H2O) (analysis performed by Laboratório
de Solos e Plantas, UTAD, Portugal, 2016).
2.4. Calculations and statistics
The average Fw of culm and ear maize of each parcel and the
average shoot Dw of the 3 sub-samples were represented in tonne
per hectare (t ha1) by multiplying the average parcel value of Fw
or Dw by the number of plant density used per hectare (~67 000
plants). Shoot Fw per hectare was defined as green forage and
shoot Dw as the biomass.
The dry matter content of the green forage (%) was obtained by
multiplying plant biomass (kg) per 100 and dividing by the green
forage (kg).
Phosphorus acquisition efficiency (PAE) which represents the
amount of P taken up per plant (Wang et al., 2010; Vandamme
et al., 2016) was evaluated through shoot P extraction and P fertil-
izer recovery efficiency, as follows:234P extraction ¼ BiomassðDw tissueÞ
 P tissue concentration Plant density ð2:1Þ
P fertilizer recovery efficiency ¼ P extractionðshootÞ
P applied in the field
ð2:2Þ
P extraction (kg ha1) reflects the total P content in plant tissues:
shoot, stover and grain. This was calculated by combining grain
(g) and stover biomass (g) with respective P concentration (g
P/100 g plant) for each treatment and was estimated for a hectare
by multiplying the result with plant density, as depicted in formula
(2.1). We used leaf concentration to estimate stover concentration
(Cavaco and Calouro, 2006). Shoot P extraction was obtained
through the sum of grain and stover P extraction, while shoot con-
centration was obtained by dividing shoot P extraction by shoot
biomass. P fertilizer recovery efficiency (kg ha1) reflects plant’s
ability to acquire nutrients applied to the soil (Baligar et al., 2001)
and was calculated as shoot P extraction (kg) divided by the amount
of P fertilizer applied (kg ha1), as depicted in formula (2.2).
Plant Internal Phosphorus Utilization Efficiency (IPUE) was
evaluated through the amount of biomass (Shoot, Stover or Grain
Dw) produced per unit of P present in the shoot (shoot P extrac-
tion) (Rose and Wissuwa, 2012), as follows:
IPUE ¼ BiomassðDw tissueÞ
P extractionðshootÞ ð2:3Þ
IPUE (kg Dw kg P extracted ha1) was expressed in kg of tissue bio-
mass produced per kg of P present in the shoot in a hectare, formula
(2.3).
The effect of the inoculants on maize performance was tested
using one-way analysis of variance (ANOVA). Differences among
treatment means were determinate by Tukey test (p  0.05). In
all cases, preliminary analyses were performed to ensure that there
was no violation of statistical assumptions (including the Levene’s
test to check for homogeneity of variances). SPSS (version 250,
IBM, Inc., Chicago, IL, USA) was used for all these analyses. Graphs
were developed with GraphPad Prism version 6 (GraphPad Soft-
ware, San Diego, CA).
3. Results
3.1. Effect of the microbial inoculants on maize productivity
Plant inoculation with PSB alone (PSB) and in combination with
AMF (AMF+PSB) promoted forage productivity (i.e. green forage
Fw) compared to the control plants (increments of 41% and 48%,
respectively). Inoculation with AMF alone (AMF) failed to increase
forage productivity (ANOVA green forage productivity F3,6 = 9.90,
P  0.01) (Fig. 1). The microbial inoculants did not affect Fw parti-
tioning between culm and ears (ANOVA ratio Ear/Culm F3,6 = 0.82,
P > 0.05).
Although not significant, inoculation with PSB alone (PSB) and
in combination with AMF (AMF+PSB) tended to produce bigger
plants relatively to the control (increment of 53% and 65%, respec-
tively) (ANOVA biomass F3,6 = 3.08, P > 0.05) (Table 1). Microbial
inoculants did not change the dry weight partitioning between
stover and grain (ANOVA ratio Grain/Stover Dw F3,6 = 0.25,
P > 0.05), not even the Dw of each component, when considered
separately (ANOVA Stover Dw F3,6 = 2.77, P > 0.05; Grain Dw
F3,6 = 3.54, P > 0.05).
3.2. Effect of the microbial inoculants on P use
PSB increased P acquisition efficiency (PAE) by increasing P
content (Table 1), while AMF+PSB increased plant internal P use
Fig. 1. Effect of the microbial inoculants on maize green forage productivity.
Stacked bars (green and yellow) show the fresh weight of vegetative (culm) and
reproductive (ear) structures. Percentages on top of the bars show the effect in
maize green forage promoted by the respective inoculant when compared to
control plants. Different letters show significance at 5% level (for total green forage
productivity), according to Tuckey’s HSD test. Bars are the mean ± SD (n = 3 plots).
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increased shoot P extraction: PSB plants had 60% more P in their
shoots (stover and grain) when compared to control plants
(ANOVA shoot P extraction F3,6 = 4.88, P  0.05 – Table 1). Part
of this extra P was allocated into the stover, as stover from PSB
plants had approximately 31% more P in their shoots than control
plants (ANOVA stover P extraction F3,6 = 8.56, P  0.05). By con-
trast, grain P extraction showed no differences between treatments
(ANOVA grain P extraction F3,6 = 0.36, P > 0.05). Thus, the differ-
ences in shoot P extraction reflected the differences in stover P
content. Only inoculation with PSB alone (PSB) improved P fertil-
izer recovery efficiency compared to control (ANOVA P fertilizer
recovery efficiency F3,6 = 4.88, P  0.05).
Only plants inoculated with AMF+PSB produced more shoot
biomass (including grain) per unit of P present in the shoot, when
compared to the plants treated with the other inoculants (ANOVA
IPUEShoot F3,6 = 12.82, P  0.01; IPUEGrain F3,6 = 13.91, P  0.01)
(Fig. 2). Therefore, AMF+PSB enhanced plants IPUE.
3.3. P concentration in plant tissues
Only AMF+PSB plants had significantly lower shoot P concentra-
tion than rest of the plants (ANOVA P concentration shoot
F3,6 = 17.13, P  0.01). Further, no difference in shoot P concentra-
tion was detected between control, AMF and PSB plants (Table 2).
The microbial inoculants had no effect on stover P concentration
(ANOVA P concentration stover F3,6 = 9.60, P  0.01) but AMF
+PSB plants had lower stover P concentration than AMF and PSB
plants. Lastly, control plants had the highest P concentration in
the grain (ANOVA P Concentration Grain F3,6 = 64.58, P  0.001).
Among inoculated plants, AMF+PSB had lower grain P concentra-
tion than AMF inoculated plants. PSB effect did not differ from
AMF and AMF+PSB.Table 1
Effect of the microbial inoculants on biomass, P extraction at shoot, stover (culm and cob
(mean ± SD of 3 sampling plots, n = 3) show significance at 5% level (no letters mean not
Treatment Cont
Biomass (t Dw ha1) 28.8
Shoot P extraction (kg ha1) 85.5
Stover P extraction (kg ha1) 77.8
Grain P extraction (kg ha1) 25.6
P fertilizer recovery efficiency (kg P content shoot kg1 P2O5 supplied) 0.44
235The microbial inoculants were able to reduce grain P concentra-
tion (Table 2) and consequently grain phytate. Although, this dif-
ference was not detected in the stover, AMF+PSB treated plants
had lower stover P concentration than plants treated with the
other inoculants. Overall, AMF+PSB plants were the most efficient
in reducing shoot P concentration, a decrease of about 30% com-
pared to control plants.
4. Discussion
4.1. Improving plant productivity
The values of productivity we obtained (Fig. 1) are within the
range reported for this variety (Cavaco and Calouro, 2006), thus
validating the data obtained in this field trial applying ‘normal’
management practices for maize. As hypothesized, and in agree-
ment with other studies (Owen et al., 2015; Ordoñez et al.,
2016), inoculation with PSB alone (PSB) or in combination with
AMF (AMF+PSB), enhanced plant productivity under field condi-
tions. The microbial effect was significant for green forage (crop
Fw – Fig. 1) but not for biomass (Table 1), suggesting that the
microbes alone or in combination promoted different effects on
plant water uptake and water saving strategies (Richardson et al.,
2011). Non-exclusively, the increased productivity we observed
may be related with changes in plant hormonal balance induced
by plant-microbial interaction (Nadeem et al., 2014). It may also
reflect the influence of the inoculants in delaying plant develop-
ment as in the case of cereals water deficit is a main factor trigger-
ing and accelerating grain production (de Varennes, 2003).
4.2. Improving P use efficiency while reducing grain P concentration
Producing plants with lower P concentrations is a way to
achieve higher plant IPUE (Veneklaas et al., 2012; Rose et al.,
2011). However, if P concentration falls below that recommended
for regular plant growth and development (i.e. 0.2–0.5%) (de
Varennes, 2003), P deficiency occurs. In our experiment, all inocu-
lated plants showed shoot P concentrations (Table 2) similar to the
recommended ones showing that the microbial inoculants were
able to reduce P concentration without triggering P limitation.
Another target is reducing grain P concentration and conse-
quently phytate (Yamaji et al., 2017; Rose et al., 2013). Indeed,
the microbial inoculants changed P allocation within the plant,
resulting in lower grain P concentration (Table 2). The amount of
phytate present in plant seeds and grains ranges from 0.5 to 5%
of Dw and ideally it should be reduced to 0.025% of Dw or less to
minimize P losses (Hurrell et al., 2003). Although PSB inoculation
was not the most efficient treatment at improving productivity,
PSB inoculated plants were the most efficient at exporting P to
the shoot as shown by stover P (Table 1) content. Most P in the
stover is in the phosphate form, which is essential for livestock
nutrition (Richardson et al., 2011). Since P content is usually low
in forages and/or livestock have low P assimilation efficiencies
(due to surplus of phytate), dietary P supplements are often
required (Sharpley et al., 2000). Therefore, by producing feed ofs), and grain level and P fertilizer recovery efficiency. For each line, different letters
significant), according to Tuckey’s HSD test.
rol AMF PSB AMF+PSB
± 5.3 35.1 ± 9.0 44.1 ± 7.7 47.6 ± 9.0
± 8.8 b 115.4 ± 11.3 ab 136.8 ± 5.6 a 98.4 ± 7.8 ab
± 10.9b 84.2 ± 10.6 ab 102.2 ± 6.4 a 68.4 ± 7.4b
± 5.7 18.3 ± 0.8 22.0 ± 2.9 21.4 ± 0.9
± 0.07b 0.60 ± 0.11 ab 0.71 ± 0.11 a 0.51 ± 0.04 ab
Fig. 2. Effect of the microbial inoculants on plant internal P use efficiency (IPUE).
Stacked bars (green and yellow) represent the partition of the average IPUE at
stover (culm and cobs) and grain level. Each bar represents the mean of 3 sampling
plots ± SD (n = 3). Different letters show significance at 5% level (for total IPUE),
according to Tuckey’s HSD test.
Table 2
Effect of the microbial inoculants on P concentration of shoot, stover (culm and cobs)
and grain. For each column, different letters (mean ± SD of 3 sampling plots, n = 3)
show significance at 5% level, according to Tuckey’s HSD test.
Treatment Shoot [P] (%) Stover [P] (%) Grain [P] (%)
Control 0.30 ± 0.01 a 0.29 ± 0.02 ab 0.32 ± 0.02 a
AMF 0.33 ± 0.03 a 0.37 ± 0.04 a 0.23 ± 0.01 b
PSB 0.31 ± 0.02 a 0.34 ± 0.03 a 0.21 ± 0.03 bc
AMF+PSB 0.21 ± 0.03 b 0.22 ± 0.04 b 0.19 ± 0.01 c
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inoculation with PSB could contribute to reduce P feed supple-
ments and, consequently, reduce P losses in livestock excreta. This
win-win scenario meets farmers’ objectives and is an excellent
argument for further studies with this PSB isolate (Pseudomonas
putida), and possibly the development of a biofertilizer.
The microbial consortium AMF+PSB reduced shoot P concentra-
tion by 30% (Table 2) and produced more green forage (Fig. 1)
showing that these plants used less P to produce more green forage
(and tended to produce more biomass – Table 1) than the other
treatments. Since AMF+PSB also showed the highest plant IPUE
(Fig. 2), it could help strengthen food production per unit of area,
and sustainably manage the amount of P fertilizer applied in farm-
ing systems. AMF+PSB is the most promising microbial inoculant to
be used in sustainable agriculture, and should be further tested
combined with the 30% reduction in P inputs recommended by
the European Union. This microbial consortium (AMF+PSB) could
be a key contributor in producing high value food resources with
zero increase in land degradation while reducing negative environ-
mental impacts. According to the European agronomic rules, these
results are a promising asset towards a bio-economic management
agriculture with significant environmental repercussions.5. Conclusion
By testing the microbial inoculants under field conditions, our
study clearly showed that the microbial consortium (AMF+PSB)
increased maize productivity, and at the same time improved P
use efficiency and reduced grain P concentration. Further, the use
of these microbial inoculants was shown to be compatible with
conventional agricultural management practices.236Declaration of Competing Interest
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